Background {#Sec1}
==========

Host tolerance to microbial infections varies greatly between different species \[[@CR1], [@CR2]\]. In an era of increasing bacterial antibiotic resistance, understanding of the molecular basis for these differences could lead to development of novel tolerance-inducing therapeutic approaches to treat pathogenic infections. For example, in the mammalian intestine, up to 100 trillion commensal bacteria influence host health, and the intestinal microbiome differentially modulates sensitivity to infection in different species \[[@CR3]\]. An exquisite example is the difference in tolerance to enterohemorrhagic *Escherichia coli* (EHEC), which causes more than 100,000 infections per year in the USA \[[@CR4]\], and can result in development of severe bloody diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome (HUS). The infectious dose for EHEC is 100,000-fold higher in mice compared with humans (10^7^ versus 10^2^ microbes), and even then mice need to be depleted of their microbiome to show symptoms of infection \[[@CR5]--[@CR7]\]. This difference may be due in part to differential localization and expression of receptors for pathogen virulence factors, such as Shiga toxin produced by EHEC \[[@CR8]--[@CR10]\], though more human-relevant studies are needed because no animal model fully recapitulates human symptoms of EHEC infection \[[@CR11]\]. These dissimilarities in EHEC infection limit the translational potential of murine research to human. Furthermore, studies in human patients are very limited and focused on blood and fecal samples content but do not allow for more in-depth mechanistic investigation of EHEC infection within the gastrointestinal tract. There is indeed a strong need for models that more closely mimic human intestinal pathophysiology in context of bacterial infection.

Additional evidence suggests that products of commensal bacteria are important modulators of host pathophysiology. Metabolites generated by the host gut microbiome, such as acetate produced by *Bifidobacteria*, have been shown to confer protection against EHEC infection in mice \[[@CR12]\]. Propionate produced by *Bacteroides* directly inhibits pathogen growth in vitro by disrupting intracellular pH homeostasis, and chemically increasing intestinal propionate levels protects mice from *Salmonella typhimurium* \[[@CR13]\]. Butyrate, another short-chain fatty acid produced by commensal bacteria, also modulates host intestinal barrier, injury response and immunity, as well as pathogenicity of EHEC, by altering expression of genes involved in virulence and flagellar motility \[[@CR14], [@CR15]\]. Nevertheless, only a few tolerance-modulating microbial metabolites have been identified from fecal samples, and their effects have never been demonstrated in human intestine. In fact, most research on human host-microbiome-pathogen interactions relies on correlative genomic or meta-genomic studies, making identification of causality in humans extremely difficult \[[@CR16]\]. Studies also have been carried out by repopulating gnotobiotic mice with complex mixtures of living human versus mouse commensal microbes, but it is extremely difficult to identify soluble metabolites that mediate their effects \[[@CR3], [@CR17]\]. Thus, there is a great need for a human model of EHEC infection where contributions of the complex gut microbiome, and specifically soluble metabolites produced by these commensal microbes, can be explored experimentally.

In the present study, we confronted this challenge using human organ-on-a-chip (Organ Chip) microfluidic cell culture technology \[[@CR18]\], which can be used to recapitulate human physiology and model various human diseases in vitro \[[@CR19]--[@CR25]\]. Endoscopic analysis of human patients infected with EHEC have revealed acute inflammation of the colon and ex vivo infection experiments similarly demonstrated colonization as well as attaching and effacing (A/E) lesions in human colonic biopsies \[[@CR26]--[@CR28]\]. Thus, to explore whether species-specific intestinal microbiomes can influence host tolerance to EHEC infection, we developed a two-channel Colon Chip lined by primary human colon epithelial cells isolated from patient-derived organoids interfaced with human intestinal microvascular endothelial cells (HIMECs), using a recently described technique \[[@CR29]\]. The human Colon Chips were infected with EHEC in the presence of soluble metabolites isolated from bioreactor cultures of complex populations of murine or human intestinal commensal microbes. These studies recapitulated the enhanced sensitivity of human colonic epithelium to EHEC in the presence of human microbiome products compared to those from mouse. Surprisingly, however, we discovered that the human microbiome metabolites increased EHEC's ability to induce epithelial damage, rather than the mouse microbiome products protecting against the damaging effects of this infectious pathogen.

Results {#Sec2}
=======

Microbiome metabolites recapitulate species-specific tolerance in Colon Chips {#Sec3}
-----------------------------------------------------------------------------

To explore how gut microbiome metabolites contribute to species-specific differences in response to infection by EHEC, we cultured healthy, primary, human colon epithelial cells isolated from human donor-derived organoids in close apposition to primary HIMECs within a microfluidic culture device to create a human Colon Chip. The Colon Chip contains two parallel microchannels separated by a porous (7 μm diameter) extracellular matrix (ECM)-coated membrane; the epithelial cells were cultured on the upper surface of the membrane in the top "intestinal luminal" channel with gut-specific cell culture medium in both channels, as previously described \[[@CR29]\]. The HIMECs were seeded on the opposite side of the same membrane in the lower "vascular" channel (Fig. [1](#Fig1){ref-type="fig"}a) with gut-specific cell culture medium being perfused through the intestinal luminal channel, and the same medium supplemented with endothelial cell supplements and growth factors through the vascular channel (see "[Methods](#Sec10){ref-type="sec"}" section for details). These culture conditions induced formation of a continuous, undulating, colonic epithelium (Fig. [1](#Fig1){ref-type="fig"}a,b) that extended across the entire surface of the ECM-coated membrane within 1 week of culture, as visualized using immunofluorescence microscopy (Fig. [1](#Fig1){ref-type="fig"}a, right), phase contrast (Fig. [1](#Fig1){ref-type="fig"}b), or pseudo-colored imaging (Fig. [1](#Fig1){ref-type="fig"}c). Human microbiome metabolites (Hmm) or mouse microbiome metabolites (Mmm) were collected from PolyFermS continuous intestinal fermentation bioreactors \[[@CR30]--[@CR33]\] in which complex mouse or human microbiome samples were cultured for 2 weeks under conditions that mimic the internal milieu of the large intestine; the commensal bacterial content of the cultures was defined at the phylum and genus levels using 16S rRNA gene sequencing \[[@CR33]\] (see "[Methods](#Sec10){ref-type="sec"}" section for details) (Fig. [1](#Fig1){ref-type="fig"}a, Additional file [1](#MOESM1){ref-type="media"}: Figure S1, Additional file [2](#MOESM2){ref-type="media"}: Figure S2). On day 8 of the Colon Chip culture, the luminal culture medium was replaced with the same medium supplemented with human or murine microbiome metabolites (diluted 1:20 in a PBS-water based solution to 300 mOsm kg^−1^), while continuing to flow the same endothelial culture medium through the vascular channel. Perfusion was continued for 24 h, followed by introduction of EHEC (1.7 × 10^5^; serotype O157:H7) into the apical lumen in the same medium for 3 h under static conditions to allow for bacterial cell attachment; medium flow was then re-established and continued for 24 additional hours.Fig. 1Microbiome metabolites recapitulate species-specific tolerance in Colon Chips. **a** A schematic representation of the experimental design illustrating how human or mouse intestinal microbiome metabolites were added to the intestinal channel (red) of optically clear, human Colon Chips that are lined by primary human colon epithelial cells (Epi) and directly opposed to a second parallel vascular microchannel (blue) in which HIMVECs (Endo.) are cultured; the two channels are separated by a thin, porous, ECM-coated membrane; F-actin filaments in epithelial and endothelial cells were stained with Phalloidin (magenta) and nuclei with DAPI (white). **b**--**d** Analysis of EHEC-induced epithelial injury on-chip. **b** Representative differential interference contrast (DIC) images of the colonic epithelium in the presence of Hmm or Mmm in the presence or absence of EHEC (bar, 100 μm). **c** Pseudo-colored images of the entire colon epithelium within the upper channel of the Colon Chip (yellow) cultured in the presence of Hmm or Mmm with or without EHEC (dark regions indicate lesion areas). **d** Quantification of epithelial lesion areas under the experimental conditions described in **b**, **c**. Epithelial lesion defined as regions in which cells normally contained within a continuous intact epithelium have fully detached from the ECM-coated membrane and their neighboring cells, thus, leaving exposed regions of the membrane below. **e** Changes in levels of various indicated cytokines released into the vascular channel of the Colon Chips by cells cultured under the conditions described in **b**, **c**. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001

Using this approach, we were able to recapitulate the increased sensitivity of the human Colon Chip to EHEC infection in the presence of microbiome metabolites from human (Hmm) compared to infection when Mmm were present. This was demonstrated by a greatly increased loss of epithelial cells from the colonic epithelium in the upper channel of chips exposed to Hmm versus Mmm (Fig. [1](#Fig1){ref-type="fig"}b, c). A fivefold increase in lesion area was observed in the presence of Hmm compared to Mmm when quantified using computerized image analysis (Fig. [1](#Fig1){ref-type="fig"}d), with lesions being defined as regions in which cells fully detached from the normally continuous intact epithelium and the ECM-coated membrane below. Importantly, control studies confirmed that addition of Mmm or Hmm alone, in the absence of EHEC, did not cause any damage to the colonic epithelium (Fig. [1](#Fig1){ref-type="fig"}b--d), and EHEC did not induce epithelial lesions in Colon Chips in the absence of microbiome metabolites (Additional file [3](#MOESM3){ref-type="media"}: Figure S3). Thus, intestinal microbiome metabolites are sufficient to recapitulate the species-specific effects on tolerance to EHEC infection observed in previous studies comparing humans and mice, even in the absence of live commensal microbes or immune cells. These findings also indicate that the effects seem to be mediated by direct interactions between the infectious pathogens and the colon epithelium, and not secondary to effects on immune cells that were not present in this study.

EHEC-induced release of cytokines in the Colon Chip is similar to in vivo {#Sec4}
-------------------------------------------------------------------------

As the intestinal epithelium and endothelium contribute to the host innate immune response to bacterial pathogens by secreting inflammatory regulators \[[@CR34]--[@CR36]\], we analyzed the effects of the Hmm and Mmm on secretion of multiple pro-inflammatory cytokines and chemokines, as well as the anti-inflammatory cytokine, interleukin-10 (IL-10), in the presence or absence of EHEC infection (Fig. [1](#Fig1){ref-type="fig"}e). The pro-inflammatory chemokine interleukin-8 (IL-8) is one of the major cytokines secreted by intestinal epithelial cells \[[@CR37]\], and it has been shown to be strongly increased during EHEC infection in humans \[[@CR38]--[@CR40]\]. Additionally, the tumor necrosis factor-α (TNF-α) protein is also increased in human patients who develop EHEC-related HUS \[[@CR38], [@CR41]\]. We similarly observed a significant increase in abundance of these two cytokines in the human Colon Chip following EHEC infection when Hmm was present, with IL-8 increasing over fivefold compared to our control. In addition, the inflammatory mediator interleukin-1β (IL-1β) has been reported to enhance expression of shiga toxin receptors on endothelial cells, which increases EHEC-related toxicity \[[@CR42]\], and we similarly observed increased release of IL-1β into the endothelium-lined vascular channel of these human Colon Chips exposed to Hmm. EHEC bacteria secrete molecules that modulate downstream interferon-γ (IFN-γ) signaling in epithelial cells as well \[[@CR43]\], and remarkably, we also detected higher levels of IFN-γ following EHEC infection on chip. Moreover, EHEC infection increases circulating macrophage inflammatory protein-1 α (MIP-1 α) and monocyte chemoattractant protein-1 (MCP-1) levels in children \[[@CR44]\] and the infected Colon Chips displayed similar increases in the levels of both of these leukocyte chemoattractants. Finally, we discovered that fractalkine levels increased almost sixfold following EHEC infection, suggesting that this the CX~3~C chemokine family member also may be involved in EHEC pathogenesis.

The anti-inflammatory cytokine IL-10 is of interest because it has been investigated as a potential therapeutic to reduce acute inflammation in inflammatory bowel disease \[[@CR45]--[@CR47]\]. Perhaps because of the body's attempt to counter the effects of EHEC infection, IL-10 concentrations in blood increase with the severity of this disease, and very high levels of IL-10 levels appear to correlate with HUS onset \[[@CR48]\]. Similarly, in the infected Colon Chips, IL-10 levels increased almost tenfold and reached levels (\~ 10 pg ml^−1^) comparable to those observed in human patients with severe colitis induced by EHEC \[[@CR39]\] (Fig. [1](#Fig1){ref-type="fig"}e).

Taken together, these results show that the human Colon Chip recapitulates the pro- and anti-inflammatory cytokine profiles induced by EHEC infection when cultured in the presence of metabolites secreted by the human intestinal microbiome (Hmm). Importantly, when we carried out similar studies in the presence of mouse microbiome products, we found that they produced similar increases in the production of these cytokines as Hmm (Fig. [1](#Fig1){ref-type="fig"}e), suggesting that the cytokine response generated by the human intestinal cells does not appear to be responsible for the differences in epithelial injury that are induced by EHEC infection under these culture conditions.

Species-specific injury effects are not due to changes in EHEC colonization or Shiga toxin {#Sec5}
------------------------------------------------------------------------------------------

Commensal bacteria of the gut microbiome have been previously shown to inhibit microbial infections by interfering with bacterial colonization of the intestinal epithelium via nutrient competition, secretion of antimicrobials, or adhesion exclusion \[[@CR13], [@CR49]\]. For this reason, we investigated whether Hmm and Mmm may differ in their ability to prevent EHEC adhesion and colonization in the human Colon Chips. Results of fluorescence microscopic imaging and quantification of live adherent and non-adherent bacterial cells show that neither the overall distribution of the pathogenic EHEC bacteria (Additional file [4](#MOESM4){ref-type="media"}: Figure S4A) nor their adhesion to the epithelium (Additional file [4](#MOESM4){ref-type="media"}: Figure S4B) was altered by the presence of Hmm or Mmm. The numbers of non-adherent EHEC bacteria present in the medium effluent collected from the epithelial lumen of the Colon Chip were also comparable in cultures containing Hmm and Mmm (Additional file [4](#MOESM4){ref-type="media"}: Figure S4C).

Long polar fimbriae have been implicated in interactions between EHEC, Peyer's patches, and M-cells in the terminal ileum where they may contribute to colonization, but they do not appear to be expressed in the colon \[[@CR50]\]. Consistent with this observation, we observed similar colonization levels in the Hmm and Mmm groups in the Colon Chip, and transcriptomics analysis confirmed that there were no significant changes in expression of LPF genes under these conditions (Additional file [5](#MOESM5){ref-type="media"}: Table S1). Thus, metabolites produced by commensal microbes of the human and mouse gut microbiome do not appear to significantly alter EHEC colonization of the intestinal niche in the human Colon Chip.

Shiga toxin is believed to be one of the major EHEC virulence factors involved in pathogenesis and development of HUS; however, ex vivo experiments on human biopsies suggest that it does not play a dominant role in inducing colonization and inflammation in human colon \[[@CR10], [@CR28]\]. Transcriptomics analysis of Shiga toxin-related genes revealed that only stx1b was significantly upregulated in the presence of Mmm (Additional file [6](#MOESM6){ref-type="media"}: Figure S5A, B), but this finding cannot explain the differences in epithelial lesions as Mmm produced significantly less epithelial damage than Hmm in EHEC-infected human Colon Chips (Fig. [1](#Fig1){ref-type="fig"}c). In addition, we could not detect any significant difference in the concentration of Shiga toxin 1 in the outflow of the vascular channels of infected Colon Chips cultured with Hmm versus Mmm (Additional file [6](#MOESM6){ref-type="media"}: Figure S5C). Therefore, these results indicate that Shiga toxin is likely not the cause of the differences in epithelial lesion area observed.

Human microbiome metabolites stimulate bacterial motility {#Sec6}
---------------------------------------------------------

Bacterial chemotaxis and motility are intimately linked to pathogenesis as these processes enable bacteria to detect and react to nutrients, sense cues from other bacteria or the host, and reach their preferred niche \[[@CR51], [@CR52]\]. The majority of the intestinal pathogens possess many chemotaxis genes \[[@CR53]\], suggesting that chemotaxis increases pathogen fitness and virulence in the gastrointestinal tract. For this reason, there is increasing interest in the investigation of chemotaxis and motility as novel targets to fight infections and avoid problems related to antibiotic resistance \[[@CR54]\]. Likewise, EHEC possesses chemotaxis and motility machineries that are used to sense molecules of bacterial or host origin, which can modulate bacterial movement (e.g., autoinducer-3, epinephrine, norepinephrine). To investigate whether enhanced EHEC chemotaxis or motility could be responsible for the phenotype we observed, we carried out a transcriptomics analysis of EHEC bacteria present in the intestinal luminal compartment of human Colon Chips exposed to either Hmm or Mmm.

These studies revealed that multiple EHEC genes are differentially regulated in the presence of Hmm compared to Mmm, with the greatest changes being observed in the bacterial chemotaxis pathway (Fig. [2](#Fig2){ref-type="fig"}a, b). We investigated genes involved in both cell and flagellar motility (see "[Methods](#Sec10){ref-type="sec"}" section for details) due to their key role in directional cell movement and observed that multiple genes involved in these processes were upregulated in the presence of Hmm. These include the *tar* and *tap* genes, which encode methyl-accepting chemotaxis protein (MCP) chemoreceptors; *cheR* and *cheB* that encode proteins that control MCP receptors; and *cheA* and *cheW*, which encode histidine kinase and the linker protein that associates with MCP receptors (Fig. [2](#Fig2){ref-type="fig"}c, d). In addition, the products of *cheA* and *cheW* form a complex that controls a protein encoded by *cheY*, which binds to the flagellar motor and promotes motility when phosphorylated (Fig. [2](#Fig2){ref-type="fig"}d). All of these genes were upregulated in the presence of Hmm compared to Mmm, and genes that encode components of the flagellar motor system itself, such as *motA* and *fliC* (Fig. [2](#Fig2){ref-type="fig"}d), were upregulated as well (Fig. [2](#Fig2){ref-type="fig"}c). Importantly, the transcriptional upregulation of these two latter genes has been directly correlated with higher bacterial motility \[[@CR55], [@CR56]\]. Taken together, these results suggest that Hmm preferentially stimulate the motility machinery of EHEC cells relative to Mmm, and that these changes in chemotaxis could mediate the enhanced EHEC-induced pathogenicity we observed in the human Colon Chips.Fig. 2Human microbiome metabolites stimulate bacterial motility. **a**--**d** Changes in the EHEC transcriptome induced by exposure to human (Hmm) versus mouse (Mmm) gut microbiome metabolites. **a** Heatmap of differentially expressed genes (red indicates higher levels of expression). **b** Gene enrichment analysis. **c** Heatmap of chemotaxis and flagellar assembly pathways showing expression levels for relevant motility-related genes in EHEC cultured in the presence of Hmm versus Mmm. **d** Schematic of key genes critical in regulating chemotaxis and flagellar assembly in EHEC. **e** EHEC swimming motility tracking (lines: bacterial movement tracks; dots: starting points for all tracked bacteria; bar, 100 μm). **f** Quantification of the fraction (%) of moving EHEC. **g** Mean velocity of each tracked bacterium (red and black: velocity \< or \> 3 μm s^−1^, respectively). **h** Distance traveled (μm) by the moving bacteria. **i** *Fli-C*-luciferase expression levels in medium supplemented with Hmm or Mmm \[determined by quantifying area under the curve (AUC), and normalizing for the medium control\]. \**p* \< 0.05; \*\*\*\**p* \< 0.0001

To further explore this potential mechanism, we evaluated bacterial motility in the presence of Hmm or Mmm using GFP-expressing EHEC bacteria, as previously described \[[@CR57]\]. Our results showed a significantly higher fraction of highly motile bacteria in the presence of Hmm (Fig. [2](#Fig2){ref-type="fig"}e, f) that exhibited both increased velocity and greater distance traveled (Fig. [2](#Fig2){ref-type="fig"}g, h). We also confirmed that expression of the *fliC* transcript was increased by Hmm (Additional file [7](#MOESM7){ref-type="media"}: Figure S6A) and that the difference in motility was not due to altered EHEC viability (Additional file [7](#MOESM7){ref-type="media"}: Figure S6B). Additionally, *ΔfliC* EHEC did not cause an increase in lesion area in the presence of Hmm, compared to Mmm, confirming our results and highlighting that an intact *fliC* gene is required for expression of the different tolerance phenotypes we observed (Additional file [8](#MOESM8){ref-type="media"}: Figure S7).

To corroborate these findings that Hmm stimulates flagellar motility in EHEC, we screened for metabolites that affect flagellar motility using an EHEC strain expressing a *fliC*-luciferase reporter. Although both Hmm and Mmm increased *fliC*-luciferase expression when added to EHEC, its expression was significantly higher when the human metabolites were present (Fig. [2](#Fig2){ref-type="fig"}i). There were no distinguishable differences in EHEC *fliC*-luciferase growth under these same conditions, confirming that the detected difference in luciferase signal is not due to differences in cell number (Additional file [7](#MOESM7){ref-type="media"}: Figure S6C). These results indicate that the presence of metabolites from the human gut microbiome can directly increase EHEC movement by stimulating flagellar motility.

Identification of specific metabolites that mediate increased pathogenicity {#Sec7}
---------------------------------------------------------------------------

We next used metabolomics analysis to identify specific metabolites in Hmm that are responsible for the effects on EHEC motility we observed. To do this, we compared metabolite levels in the pre-fermentation medium used to culture the microbiome (and that mimics dietary food intake) with the Hmm and Mmm isolated from the final stage of PolyFermS fermentation, which emulate the contents of human proximal colon and mouse cecum colonized by their respective microbiomes. To identify relevant metabolites, we mined our metabolomics data set for metabolites produced by commensal bacteria (i.e., metabolites whose levels increase during the fermentation process), and within these we identified the ones enriched in either the Hmm or Mmm samples. This resulted in identification of a total of 426 metabolites produced by commensal bacteria that were differentially expressed between Hmm and Mmm (Fig. [3](#Fig3){ref-type="fig"}a, b).Fig. 3Identification of specific metabolites that mediate EHEC motility**. a**--**c** Results of metabolomics analysis of human versus mouse gut microbiome metabolites. **a** Venn-diagram illustrating metabolomics analysis workflow and total numbers of compounds identified in the Hmm and Mmm samples compared to the pre-fermentation medium (Pre-ferm.; label p_25: human pre-fermentation medium; label p_26 murine pre-fermentation medium). **b** Heatmap of 426 compounds produced by commensal bacteria that were differentially abundant in human (Hmm) versus mouse (Mmm) microbiome metabolites. **c** Relative abundance of 30 microbiome metabolites that were tested (blue and red: higher levels in Mmm or Hmm, respectively). **d** Results of *FliC-* luciferase (*FliC*-lux) screening for the 30 selected metabolites (*FliC*-lux levels are presented based on quantification of the AUC; grape seed oligomeric proanthocyanidins (PAC) was used as a negative control; the 4 active metabolites that induced higher *FliC* levels are highlighted in red; all values were normalized against the DMSO control)

To assess their influence on bacterial motility, we selected metabolites that were abundant in either Mmm or Hmm based on our metabolomics analysis. From this MSMS (tandem mass spectrometry) analysis, we included all known compounds (95% confidence), and we also included identifiers that were assigned based on the closest MSMS spectrum in the reference database to the analyte (likely a substructure of the original metabolite); however, we excluded synthetic prescription drugs and known antimicrobial compounds. We performed this selection in order to screen for microbial-derived compounds potentially affecting EHEC motility and not merely bacterial proliferation or viability (see "[Methods](#Sec10){ref-type="sec"}" section for details).

From the final set of 30 compounds, we observed that 12 were present at higher levels in Mmm samples while there was a greater abundance of the remaining 18 in the Hmm set (Fig. [3](#Fig3){ref-type="fig"}c, Additional file [9](#MOESM9){ref-type="media"}: Table S2). To assess the impact of each one of these compounds on flagellar function and bacterial motility, we carried out a *fliC*-luciferase screening assay as previously described \[[@CR56]\]. These studies revealed that only four of the selected compounds, which were all present at higher levels in the Hmm samples, significantly increased EHEC *fliC*-luciferase expression: 4-methyl benzoic acid, 3,4-dimethylbenzoic, hexanoic acid, and heptanoic acid (Fig. [3](#Fig3){ref-type="fig"}d). In contrast, we did not identify any metabolites in either the Hmm or Mmm samples that reduced *fliC*-luciferase production, even though we could detect inhibition using the known *fliC* inhibitor, proanthocyanidin (PAC) \[[@CR58]\] as a positive control (Fig. [3](#Fig3){ref-type="fig"}d). When we analyzed the effects of each of these four compounds individually over a range of concentrations (1 to 250 μM), we again observed consistent *fliC*-luciferase upregulation (Additional file [10](#MOESM10){ref-type="media"}: Figure S8), and all of these compounds stimulated EHEC motility when tested at 200 μM in a plate-based bacteria motility assay (Additional file [11](#MOESM11){ref-type="media"}: Figure S9).

To explore the generality of this response, we evaluated the effect of these four compounds in a different EHEC strain (serotype O91:H21) and found a very similar increase in motility and *fliC*-luciferase expression to what we previously observed with the serotype O157:H7 EHEC strain, suggesting that this is a conserved mechanism between different EHEC strains (Additional file [12](#MOESM12){ref-type="media"}: Figure S10 and Additional file [13](#MOESM13){ref-type="media"}: Figure S11). Importantly, when all four of these compounds were combined at this same concentration and added to Colon Chips cultured in the presence of both EHEC and Mmm, we were able to reconstitute the higher levels of epithelial injury we previously observed in the presence of the complex mixture of Hmm (Fig. [4](#Fig4){ref-type="fig"}a--c). Moreover, the response we observed appears to result from a cumulative effect of the four metabolites as no single metabolite was able to increase epithelial damage when added alone (Additional file [14](#MOESM14){ref-type="media"}: Figure S12). Taken together, these results show that these four metabolites produced by the human gut microbiome are responsible for increasing EHEC pathogenicity and enhancing epithelial injury in this model.Fig. 4The identified active metabolites mediate increased pathogenicity**. a**--**c** Effect of 3,4-dimethylbenzoic acid, 4-methylbenzoic acid, hexanoic acid, and heptanoic acid (4 metab.) on epithelial injury in the Colon Chip in the presence or absence of EHEC, with or without Mmm, compared to the effects of Hmm with EHEC. **a** Representative DIC images of the colon epithelium under the various experimental conditions (bar, 100 μm). **b** Pseudocolored view of the entire epithelial layer in the Colon Chip (yellow) under the same conditions. **c** Quantification of epithelial lesion area size under conditions shown in **b**. Epithelial lesion defined as regions in which cells normally contained within a continuous intact epithelium have fully detached from the ECM-coated membrane and their neighboring cells, thus, leaving exposed regions of the membrane below. \**p* \< 0.05; \*\**p* \< 0.01

Discussion {#Sec8}
==========

In this study, we successfully used Organ Chip technology to model injury of human colon epithelium by infection with EHEC in vitro, and to recapitulate species-specific differences in sensitivity to this pathogen by adding either human or mouse gut microbiome metabolites. Greater epithelial injury was observed when human metabolites were present, and interestingly, EHEC did not induce any lesion formation in the absence of microbiome metabolites. This species-specific effect on epithelial damage occurred despite similar inflammatory signatures in the Colon Chips and was, instead, associated with an increase in expression of EHEC genes associated with known virulence pathways related to chemotaxis and motility. Furthermore, using a metabolomics approach, we were able to identify four specific human gut microbiome products that were able to reconstitute the enhanced epithelial injury response observed with complex Hmm; addition of these four metabolites also was sufficient to convert the tolerant murine microbiome phenotype into an injury response that mimicked that produced by addition of the human microbiome products. Taken together, these data enhance our understanding of how human commensal bacterial populations modulate intestinal pathogenesis in response to infection, and surprisingly reveal that sometimes this can be a detriment to the host.

Humans are susceptible to EHEC infection at a very low dose (10^2^) \[[@CR59]\], whereas the dose required to induce infections in mice is 100,000-fold higher. Moreover, mice need microbiome depletion to show symptoms of infection, further suggesting a potential protective role played by commensal bacteria in murine models \[[@CR5]--[@CR7]\]. Here, using microfluidic Organ Chip technology, we were able to recapitulate this species-specific difference in response to infection observed in humans versus mice in vivo. Similarly to what is observed in vivo*,* we discovered that Hmm worsens the outcome of EHEC infection, rather than Mmm inducing a tolerance response. Furthermore, by combining the Organ Chip technology with multi-omics data analysis, we were able to identify specific human microbiome metabolites that exacerbate EHEC-induced injury of the intestinal epithelium independently of effects on bacterial growth or cytokine response. Specifically, we showed that exposure of EHEC to species-specific commensal metabolites alters transcription of chemotaxis-related genes and motility behavior in the bacterium, and *ΔfliC* EHEC lacking the *fliC* gene that are non-motile did not produce differential epithelial lesions in the Hmm and Mmm groups. In addition, we identified four specific metabolites present in Hmm and not Mmm that upregulate a key motility-related virulence pathway involving flagellar motility. These findings are consistent with those of a past study which showed that flagellin is a key regulator of human intestinal inflammation after EHEC infection in vivo \[[@CR10]\].

Although we used metabolic analysis to pursue the mechanism by which Hmm and Mmm produce different effects on EHEC-induced epithelial injury, we only focused on known metabolites because these compounds could be obtained commercially and tested experimentally to validate their effects. It is possible that other unknown microbiome-derived metabolites present in the Hmm sample may have additional modulating activities, which could be explored in the future using fractionation of the Hmm sample and in-depth mass spectrometry analysis. Nevertheless, our untargeted metabolomics approach led to the identification of important EHEC injury-enhancing functions for four known molecules that were found at significantly higher levels within Hmm versus Mmm. Importantly, a similar experimental approach could be used to identify microbiome-derived modulators of other enteropathogens that exhibit species-specific differences in pathogenicity in the future. This general strategy of comparing how species-specific microbiome metabolites influence host-pathogen interactions in controlled experimental settings could prove to be effective in uncovering new functions for other microbiome metabolites. It also might offer new mechanistic insights into why certain species are more tolerant to specific infectious pathogens than others in the future.

Microbiome metabolites are products of the breakdown of dietary foods and nutrients derived from degradation of host molecules (e.g., mucin) by commensal microbes. Two of the compounds identified (4-methylbenzoic acid, 3,4-dimethylbenzoic acid) are structurally simple phenolic compounds, which can be generated by the degradation of more complex phenolic compounds, such as caffeic acid, ferulic acid, and tannins contained in coffee, cereal, and grapes \[[@CR60]--[@CR62]\]. Interestingly, these molecules are often promoted as having health benefits based on their anti-oxidant effects; however, our results raise the possibility that they could have negative effects on health if they are metabolized into products that enhance the pathogenicity of EHEC. Taken together, these findings emphasize how further investigation of dietary compounds altering microbiome metabolite production could improve our understanding of how diet alters the intestinal environment and influences patient responses to infection (e.g., by testing the effect of dietary nutrients on the composition and metabolic activity of cultured gut microbiota, \[[@CR63]\]). The other two compounds we identified that increased epithelial injury are medium-chain fatty acids (heptanoic and hexanoic acid). Interestingly, fecal hexanoic acid concentrations have been found to extend over a much higher range in children than in adults \[[@CR64]--[@CR66]\], and it is known that children are more susceptible to EHEC infection. Taken together with literature showing that short-chain fatty acids influence EHEC virulence factor expression and change EHEC infection outcomes in mice \[[@CR12]\], these data highlight a key role for microbiome-derived fatty acids in EHEC pathogenesis. Improving our understanding of these host-microbiome-pathogen interactions could provide insight into why certain human groups control EHEC infection while others do not.

This work with Organ Chip technology represents an initial step toward developing advanced in vitro human disease models that can enable direct investigation into the cellular and molecular basis of human host-microbiome-pathogen relationships. The human Colon Chip model of EHEC infection described here only included living epithelium and endothelium with soluble microbiome-derived metabolites, and thus, we were not able to examine mechanisms related to direct interactions between living commensal microbes and bacterial pathogens, between the microbes and the host cells, or to address questions centered on contributions of immune cells. However, these are feasible future directions for study as Organ Chip technology can incorporate multiple layers of complexity at the cell, tissue, and organ levels \[[@CR18]\], including co-culture of human intestinal epithelium with complex living gut microbiome \[[@CR67]\]. Given that the Colon Chip has easily accessible intestinal and vascular channels that can be sampled individually, it also could be used to investigate mucus physiology, effects of varying oxygen gradients and concentrations, and other critical components of EHEC infection and pathogenesis \[[@CR28], [@CR68], [@CR69]\]. Because Organ Chips can be made using epithelial cells isolated from patient-derived organoids as we did here, this approach also can be used to explore interactions between the host epithelium and commensal microbiome isolated from the same patient, and thus, significantly advances personalized medicine in the future. In addition, this in vitro human infection model could be used to develop new biomarkers for susceptibility to infection as well as therapeutics or prophylactics that target microbiome-pathogen interactions, and thereby protect against enteric bacterial infections in an antibiotic-independent manner.

Conclusion {#Sec9}
==========

Application of Organ Chip technology to create a human Colon Chip, combined with microbial metabolites isolated from microbial fermentation reactors (PolyFermS), allowed analysis of pathogen-microbiome-human host interactions under in vitro conditions that emulate human intestinal physiology in vivo. The gut microbiome products identified as active were sufficient to recapitulate species-specific differences in response to EHEC infection, with greater injury being observed when human metabolites were present compared to murine metabolites. The four human gut microbiome products we identified---4-methyl benzoic acid, 3,4-dimethylbenzoic, hexanoic acid, and heptanoic acid---were sufficient to convert the tolerant murine microbiome phenotype into a higher injury response comparable to the one observed in the presence of human microbiome products. This study offers new mechanistic insights in EHEC pathogenesis mediated by human microbiome metabolites, which also could potentially explain different susceptibilities within different human populations, such as the greater sensitivity observed in children. These findings also provide a basis to explore therapeutic and prophylactic modulation of human intestinal contents in order to protect from infection by this potentially life-threatening pathogen.

Methods {#Sec10}
=======

Experimental model and subject details {#Sec11}
--------------------------------------

### PolyFermS {#Sec12}

The gut microbial metabolite suspensions used in this study were generated by the PolyFermS platform, a validated continuous in vitro intestinal fermentation model \[[@CR30]\](ETH Zürich). Two distinct sources of human and mouse gut microbiome were utilized: feces from a single healthy human adult and murine cecal content pooled from four healthy wild-type C57BL/6 mice cohoused in the same cage. These commensal bacteria were immobilized as described \[[@CR33]\] and used to inoculate the PolyFermS platform. In humans, the proximal colon is the main site of carbohydrate fermentation \[[@CR70]\], whereas in mice, this mainly takes place in the cecum \[[@CR71], [@CR72]\]. Therefore, we isolated Hmm and Mmm from the final stage of PolyFermS fermentation reactors that respectively emulate the contents of human proximal colon and mouse cecum colonized by their species-specific microbiomes. The PolyFermS pre-fermentation medium for the proximal colon was based on the composition described by Macfarlane et al. 1998 for simulation of the intestinal content \[[@CR73]\]. It includes (g l^−1^ of distilled water) pectin (citrus) (2), mucine (4), [l]{.smallcaps}-cysteine HCl (0.8), bile salts (0.4), KH~2~PO~4~ (0.5), NaHCO~3~ (1.5), NaCl (4.5), KCl (4.5), MgSO~4~ anhydrated (0.61), CaCl~2~\*2 H~2~O (0.1), MnCl~2~\* 4 H2O (0.2), FeSO~4~\* 7H~2~0 (0.005), hemin (0.05), and Tween 80 (1 ml). One milliliter of a filter-sterilized (0.2 μm pore-size) vitamin solution was added to the sterilized (20 min, 120 °C) and cooled down medium. The final concentration of vitamins in PolyFermS medium (μg l^−1^) are pyridoxine-HCl (Vit. B~6~) (100); 4-aminobenzoic acid (PABA) (50); nicotinic acid (Vit. B~3~) (50); biotine (20); folic acid (20); cyanocobalamin (5); thiamine (50); riboflavin (50); phylloquinone (0,075); menadione (10); and pantothenate (100). Human pre-fermentation medium included (g l^−1^ of distilled water) xylan (oat spelts) (2), arabinogalactan (larch) (2), guar gum (1), inulin (1), soluble potato starch (5), casein acid hydrolysate (3), peptone water (5), Bacto tryptone (5), and yeast extract (4.5). The PolyFermS pre-fermentation medium for the mouse cecum model was also based on the composition described by Macfarlane et al. (1998), modified for its carbohydrate and protein concentrations for mimicking the chyme of a mouse, accounting for the mouse chow and different digestion physiology \[[@CR33]\]. Murine pre-fermentation medium included (g l^−1^ of distilled water) xylan (oat spelts) (4.8), arabinogalactan (larch) (4.8), soluble corn starch (4), mucine (4), casein acid hydrolysate (3.6), peptone water (6), tryptone (6), yeast extract (5.4), and guar gum was omitted (see Additional file [15](#MOESM15){ref-type="media"}: Table S3 for material details).

Human PolyFermS reactors were operated at proximal colon conditions (pH 5.8, 37 °C) and a hydraulic retention time of 8 h \[[@CR33]\]. Murine PolyFermS reactors were operated at murine cecal conditions (pH 6.5, 37 °C) and hydraulic retention time of 12 h \[[@CR33]\]. In both models, reactor headspace was continuously flushed with sterile CO~2~ to control for anaerobiosis. After operating in continuous mode for at least 10 days, microbial composition in both systems remained stable for collection of effluents for the Colon Chip experiments, as indicated by stable base consumption, fermentation metabolite production, and bacterial population composition \[[@CR33]\]. Therefore, the PolyFermS effluents used for the Colon Chip experiments were derived after this 10-day stabilization period. Fresh effluents were collected from PolyFermS reactor, centrifuged at 16,000×*g* for 10 min in a pre-cooled centrifuge (Heraeus Biofuge Primo 230, MultiTemp Scientific AG, Kloten, Switzerland) at 4 °C. The supernatant was filter sterilized using a 0.2 μm filter (Minisart-plus 0.2 μm filter, Satorius Stedim Biotech GmbH, Goettingen, Germany) and stored in 1 ml aliquots at − 80 °C until usage.

### Organoid cultures {#Sec13}

Human intestinal epithelium was isolated from resections or endoscopic tissue biopsies from two females and one male. Resections, consisting of full thickness pieces of human colon, were obtained anonymously from healthy regions of colonic resection specimens processed in the Department of Pathology at Massachusetts General Hospital under an existing Institutional Review Board approved protocol (\#2015P001859). Specimens were restricted to healthy (non-neoplastic) disease samples, and tissue was taken from healthy normal regions as determined by careful gross examination. Endoscopic biopsies were collected from macroscopically normal (grossly unaffected) areas of the colon of de-identified patients undergoing endoscopy for abdominal complaints. Informed consent and developmentally appropriate assent were obtained at Boston Children's Hospital from the donors' guardian and the donor, respectively. All methods were carried out in accordance with the Institutional Review Board of Boston Children's Hospital (Protocol number IRB-P00000529) approval.

Tissues from the resections were dissected to detach the epithelium, and the epithelial layer or the entire biopsy was digested with 2 mg ml^−1^ collagenase I for 40 min at 37 °C followed by mechanical dissociation, as previously described \[[@CR29]\]. Organoids were grown embedded in expansion medium in growth factor-reduced Matrigel \[[@CR29], [@CR74]\]. Expansion medium consists of advanced DMEM F12 supplemented with L-WRN (Wnt3a, R-spondin, noggin) conditioned medium (65% vol vol^−1^), glutamax, 10 mM HEPES, murine epidermal growth factor (50 ng ml^−1^), N2 supplement, B27 supplement, 10 nM human \[Leu15\]-gastrin I, 1 mM *n*-acetyl cysteine, 10 mM nicotinamide, 10 μM SB202190, 500 nM A83-01, and primocin (100 μg ml^−1^) \[[@CR74], [@CR75]\] (see Additional file [15](#MOESM15){ref-type="media"}: Table S3 for material details).

### Endothelial cell culture {#Sec14}

Human intestinal microvascular endothelial cells (HIMECs) were obtained from ScienCell (Cat\#2900) expanded in Microvascular Endothelial Cell Growth Medium-2 BulletKit (EGM-2MV). Endothelial cells were subcultured less than five times before use.

### Colon Chip cultures {#Sec15}

Organ Chips composed of poly-dimethylsiloxane (PDMS) were obtained from Emulate Inc. (Boston, MA). The Organ Chips consist of two parallel microchannels (1000 × 1000 μm and 1000 × 200 μm; width × height) separated by a thin (50 μm) porous membrane (7 μm pore diameter, 40 μm spacing). Organ Chips were acquired from Emulate Inc. (Boston, MA; Cat\#10231-2) and activated using ER-1 and ER-2 solutions provided by the company before being coated with type I collagen (200 μg ml^−1^) and Matrigel (1% in PBS), as described \[[@CR29]\]. Colonic organoids were fragmented by incubating for 2 min at 37 °C in Triple E express diluted in PBS 1:1 (vol:vol) supplemented with 10 μM Y-27632, and seeded on the ECM-coated membrane in the intestinal luminal channel of the Colon Chip (210,000 cells/chip) in expansion medium supplemented with 10 μM Y-27632. Chips were incubated overnight at 37 °C in expansion medium. The following day expansion medium was perfused with cell culture medium at 60 μl h^−1^ through top and bottom channels. Medium flow was driven at a constant flow rate using a peristaltic pump (Ismatec; Cat\#ISM938D).

After 7 days, HIMEC were seeded in the vascular side of the Colon Chip (250,000 cells/chip) in expansion medium supplemented with human epidermal growth factor, vascular endothelial growth factor, human fibroblastic growth factor-B, R3-Insulin-like growth factor-1, ascorbic acid, and no antibiotics. To allow endothelial cells to adhere to the membrane, chips were inverted under static conditions for 1 h, and then the chips were placed upright and perfusion was restored. After 24 h, the vascular channel medium was switched to recombinant organoid expansion medium. Meanwhile, the intestinal luminal channel medium was switched to 5% (vol vol^−1^) human (Hmm) or mouse (Mmm) gut microbiome metabolites isolated from PolyFermS bioreactors, diluted in phosphate-buffered saline (PBS) containing calcium and magnesium (final osmolarity = 300 mOsm kg^−1^), filtered through a 0.2 μm filter (Corning), and stored at − 80 °C. Recombinant organoid expansion medium consists of organoid expansion medium except that of L-WRN conditioned medium was substituted with recombinant Wnt-3a (100 ng ml^−1^), murine noggin (100 ng ml^−1^), murine R-spondin-1 (1 μg ml^−1^), and supplemented with human epidermal growth factor, vascular endothelial growth factor, human fibroblastic growth factor-B, R3-insulin-like growth factor-1, ascorbic acid, and no antibiotics (see Additional file [15](#MOESM15){ref-type="media"}: Table S3 for material details).

### Bacterial growth conditions {#Sec16}

EHEC-GFP was generated from NR-3 *Escherichia coli*, EDL931, serotype O157:H7, transformed with pGEN-GFP(LVA) CbR plasmid. The EHEC *fliC*-luciferase strain was generated by transforming EHEC EDL931 (serotype O157:H7) and EHEC B2F1 (serotype O91:H21) with *fliC*-luciferase plasmid kindly provided by H.L. Mobley, as described \[[@CR56]\]. EHEC *ΔfliC* was generated from NR-3 *Escherichia coli*, EDL931, serotype O157:H7, transformed with a DNA fragment from K12 Keio collection *fliC* single-gene knockout \[[@CR76]\], and the correct insertion was confirmed by PCR and sequencing (see Additional file [15](#MOESM15){ref-type="media"}: Table S3 for details). EHEC, EHEC-GFP, and EHEC *ΔfliC* were grown to 0.5 McFarland (1.5 × 10^8^ CFUs) in RPMI medium supplemented with 10% glucose, centrifuged, and stored at − 80 °C in saline 10% glycerol, while EHEC *fliC*-luciferase bacteria were grown in Luria Broth (LB) containing (g l^−1^ of distilled water) Bacto Tryptone (10), Bacto Yeast Extract (5) and sodium chloride (10), and the appropriate antibiotic; the following day, the bacteria were diluted or resuspended in medium and at the dose indicated, according to the experimental need (see Additional file [15](#MOESM15){ref-type="media"}: Table S3 for material details). All experiments were carried with NR-3 *E*. *coli*/EDL931 (serotype O157:H7) if not otherwise indicated.

Methods details {#Sec17}
---------------

### Colon Chip infection {#Sec18}

Colon Chips were cultured in the intestinal lumen channel of the chip in 5% (vol vol^−1^) human or mouse gut microbiome metabolites isolated from PolyFermS bioreactors, diluted in phosphate-buffered saline (PBS; final osmolarity = 300 mOsm kg^−1^) for 24 h. The following day, the intestinal channel was infected with 1.7 × 10^5^ EHEC-GFP or EHEC *ΔfliC* (both generated from NR-3 *E*. *coli* / EDL931; serotype O157:H7), by adding the bacteria to into the channel lumen in medium again with or without Hmm or Mmm. Chips were maintained under static conditions for 3 h to promote EHEC colonization, and then perfused at 60 μl h^−1^.

### Epithelial lesion analysis {#Sec19}

One day post infection, Colon Chips were washed with PBS and fixed with 4% paraformaldehyde in PBS for 2 h. The Chips were imaged using a Leica DM IL LED microscope and images were stitched together with Basler Phylon Software. The area occupied by cells and the total area of the chip were measured using Fiji software \[[@CR77]\].

### *fliC*-luciferase reporter assay {#Sec20}

The EHEC bacteria were grown overnight in LB medium diluted 1:1000 and the *fliC*-luciferase assay was carried as described \[[@CR58]\]. Compound screening was carried at a concentration of 10 μM of the compound diluted in dimethyl sulfoxide (DMSO; final concentration 0.1% vol vol^−1^) or an equivalent volume of DMSO as a vehicle control. Grape seed oligomeric proanthocyanidins (PAC) was used as negative control at a dose of 100 μg ml^−1^ \[[@CR58]\]. All compounds used for motility screening were purchased from MedChemExpress except DiHOME (Cayman Chemicals) and PAC (Sigma). Compounds were dosed from 0.97 to 250 μM, followed by sealing the plate with a gas-permeable membrane (EK Scientific) and incubating at 37 °C in a Synergy HT Microplate Reader. Luciferase luminescence and optical density at 600 nm wavelength (OD600) were measured at 20-min interval for 11 h.

### Shiga toxin quantification {#Sec21}

A Shiga toxin ELISA was performed on several dilutions of outflow from the vascular channel of Colon Chips at 6 h following EHEC infection. The assay was performed following the protocol of the supplier (Abraxis).

### 16S rRNA gene sequencing {#Sec22}

Genomic DNA of PolyFermS microbiota was extracted with the FastDNA® SPIN Kit for soil (MP Biomedicals Europe, Illkirch, France) following the protocol of the supplier. Pellets of 2 ml PolyFermS effluent were resuspended in MT lysis buffer and disrupted in Lysing Matrix E tubes with the Omni Bead Ruptor 24 (OMNI International, Kennesaw, United States) at 16 m s^−1^ for 40 s. Quality of genomic DNA was assessed by 1.5% (*m*/*v*) agarose electrophoresis and concentration was determined by Nanodrop ND-100 Spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). DNA samples were diluted in nuclease-free water to 20 ng μl^−1^ and stored at 4 °C until further processing. The V4 region of the 16S rRNA gene was amplified by PCR with forward 515F (GTG CCA GCM GCC GCG GTA A) and reverse 806R (GGACT ACH VGG GTW TCT AAT) primer (Caporaso et al. 2011). Negative controls with PCR water as template were included. Library preparation and sequencing was conducted at the Genetic Diversity Center (GDC, ETH Zurich, Switzerland) following a previously described protocol for library preparation \[[@CR78]\]. Sequencing was performed using an Illumina MiSeq flow cell with V2 2 × 250 bp paired end chemistry supplemented with 20% of PhiX.

### Metabolomics {#Sec23}

Samples were centrifuged at 10,000×*g* for 5 min followed by biphasic chloroform-methanol extraction. All samples were run for untargeted mass spectrometry on a ThermoFisher Q-exactive mass spectrometer (Small Molecule Mass Spectrometry Facility, FAS Division of Science Operations Harvard University). Compound Discovery Software was utilized to assign compound names (95% confidence). If the parent ion was not found, the compound with the closest spectrum was used as an identifier, thus indicating a potential substructure of the original metabolite. In the case of multiple metabolites matching to the same identifier, priority was given to the metabolite identified with the highest average area value. From our analysis, we identified 426 metabolites enriched in either Hmm or Mmm, and selected all the metabolites with an assigned compound name. Within these metabolites, we selected all 30 commercially available compounds, while excluding known synthetic prescription drugs, antimicrobial agents, or potential chemical contaminants (Additional file [9](#MOESM9){ref-type="media"}: Table S2) and screened them for their effect on EHEC flagellar motility.

### RNA isolation and gene expression {#Sec24}

Endothelial cells were first removed using Trypsin-EDTA (0.25%) from the vascular channel of the Colon Chip. Epithelial cells were then isolated from the intestinal luminal compartment and RNA was isolated using an RNAeasy Mini Kit. For qPCR measurement, cDNA was synthetized using SuperScript IV VILO Master Mix (Thermo Fisher Scientific) and primers (Additional file [15](#MOESM15){ref-type="media"}: Table S3) and Powerup SYBR Green Master Mix (Thermo Fisher Scientific) were utilized for amplification. For RNA seq analysis, the RNA concentration was measured using a Qubit instrument and Quant-it reagents (Thermo Fisher Scientific). RNA purity was assessed by measuring the ratio of absorbance at 260/230 nm, and 260/280 nm on a Nanodrop Instrument (Thermo Fisher Scientific). RNA integrity was measured using TapeStation 2200 (Agilent Technologies). Bacterial and human ribosomal RNA was depleted from total RNA samples using an Epidemiology Ribo-Zero Gold rRNA Removal kit (Illumina, Inc.) on an Apollo324 automated workstation (Takara Bio USA). The resulting ribosomal-RNA-depleted RNA samples were immediately converted into stranded Illumina sequencing libraries using 200 bp fragmentation and sequential adapter addition on an Apollo324 automated workstation following manufacturer's specifications (PrepX RNA-seq for Illumina Library kit, Takara Bio, USA). Libraries were enriched and indexed using 15 cycles of amplification (LongAmp Taq 2x MasterMix, New England BioLabs Inc.) with PCR primers which include a 6 bp index sequence to allow for multiplexing (custom oligo order from Integrated DNA Technologies). Excess PCR reagents were removed using magnetic bead-based cleanup on an Apollo324 automated workstation (PCR Clean DX beads, Aline Biosciences). Resulting libraries were assessed using a 2200 TapeStation (Agilent Technologies) and quantified by qPCR (Kapa Biosystems). Libraries were pooled and sequenced on four lanes of a HiSeq 2500 v4 high output flow cell using single end, 50 bp reads (Illumina, Inc.).

### Cytokines/chemokines analysis {#Sec25}

Levels of cytokines and chemokines within medium collected from the effluent of the vascular channel were measured using MSD U-plex Assay (Meso Scale Diagnostic). Medium samples were collected 6 h post EHEC infection (3 h after restoring the flow to the Colon Chip).

### Bacterial motility tracking {#Sec26}

EHEC-GFP bacteria were grown 6 h at 37 °C in Hmm or Mmm, then transferred to plasma-treated cover slips, and imaged using a Zeiss Axio Observer Z1 microscope for 3 min, as described \[[@CR57]\]. The videos were then processed using Fiji, an image processing package of ImageJ, StackReg to stabilize the video, cropped to remove video edges, and particles were tracked using TrackMate plugin \[[@CR77], [@CR79], [@CR80]\]. Particles tracked for less than 1 s were removed from the analysis. Bacteria with a speed higher than 3 μm s^−1^ were considered motile. We tracked a total of 1255 (61 motile) and 519 (157 motile) bacteria in the Mmm and Hmm groups, respectively. TrackMate mean velocity was calculated as the mean of the instantaneous velocity and distance traveled shown over the total video time (3 min). For better visualization of the full particle tracks, we changed the color Look-Up Table to have a white background using Fiji and applied a minimum filter in Adobe Photoshop to widen the tracks path and make it visible once the image size was reduced for publication purposes.

### Quantification of bacterial numbers {#Sec27}

To quantify adherent bacteria, epithelial cells were washed with PBS and isolated with Trypsin-EDTA (0.25%)--Type IV Collagenase (1 mg ml^−1^) 20 min at 37 °C. Adherent bacteria and bacteria contained within samples of medium effluent, collected 6 h post infection, were diluted and plated on soy agar plates with sheep blood with an Eddy Jet 2 automated spiral plater (UL Instruments). Plates were incubated overnight at 37 °C and colony-forming units (CFUs) were quantified using a Flash & Go automatic colony counter (UL Instruments).

### Bacteria viability {#Sec28}

EHEC-GFP bacteria were grown 6 h at 37 °C in medium containing Hmm or Mmm, then propidium iodide solution was added at a final concentration of 10 mg ml^−1^ for 5 min at room temperature as reported \[[@CR81]\]. Bacterial GFP and propidium iodide were imaged using a Zeiss Axio Observer Z1 microscope; the dead bacteria fraction was calculated as PI positive bacteria divided by the total number of bacteria.

### Bacteria swimming plate assay {#Sec29}

Swimming motility was assessed using 0.25% agar LB plates. Overnight cultures of EHEC or EHEC-GFP bacteria were standardized at 1 OD600 and 1.5 μl of the culture medium was added to the center of the agar plate with a sterile pipette tip as described \[[@CR82]\]. Bacterial swimming was quantified at 12 h, imaging the plates using a FluorChem M imaging system (ProteinSimple). The area occupied by bacteria was then measured using Fiji \[[@CR77]\].

### Colon Chip epithelium and bacteria imaging {#Sec30}

Colon Chips infected with EHEC-GFP and uninfected controls were washed with PBS and fixed with 4% paraformaldehyde for 2 h. Following fixation, epithelial cells and bacteria were labeled with Alexa Fluor 647 Phalloidin, 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI), and anti-green fluorescent protein-Alexa Fluor 488 conjugate. Images were acquired with an inverted laser-scanning confocal microscope (Leica SP5 X MP DMI-6000) and processed using IMARIS.

Quantification and statistical analysis {#Sec31}
---------------------------------------

### Analysis of *fliC*-luciferase reporter assay data {#Sec32}

Raw luciferase signal at each time point was divided by OD600 to control for bacterial growth. The area under the curve (AUC) was calculated and all the statistics were performed using R language and environment for statistical computing \[[@CR83]\]. Each compound was run in quadruplicate and the screening repeated three times. A Mann--Whitney--Wilcoxon test was performed followed by Bonferroni correction for multiple comparisons \[[@CR84]--[@CR86]\]. Significant differences were selected with fold change higher than 20% and adjusted *p* value \< 0.0001. We then generated dose curves for the newly identified compounds modulating *fliC*-luciferase serially diluting 1:2 from 250 to 0.97 μM. For *fliC*-luciferase compound dose curves, each dot indicates the mean and the standard error of the mean (SEM).

### Analysis of 16S rRNA gene sequencing {#Sec33}

The raw data set containing pair-ended reads with corresponding quality scores were merged using settings as previously described \[[@CR33]\]. Briefly, pair-end reads with corresponding quality scores were merged and trimmed using fastq_mergepairs and fastq_filter scripts implemented in the UPARSE pipeline \[[@CR87]\]. The minimum overlap length of trimmed reads (150 bp) was set to 50 bp. The minimum length of merged reads was 150 bp. The max expected error *E* = 2.0, and first truncating position with quality score *N* ≤ 4. We used the DADA2 pipeline in R to process the data and obtain the operational taxonomic units (OTU) table (Additional file [16](#MOESM16){ref-type="media"}: Table S4), following the described protocol \[[@CR88]\]. The resulting data was analyzed using custom scripts in R.

### Analysis of metabolomics {#Sec34}

Raw data were normalized using R metabolomics package \[[@CR89]\] and groups compared using Linear Models for Microarray Data (limma) package \[[@CR90]\]. We applied a cut off of 0.05 on adjusted *p* value and fold change greater than 1.5.

### Analysis of RNA-seq data {#Sec35}

The data was processed using bcbio-nextgen. We used the STAR alignments, FASTWQ files, and Salmon quantification to generate quality control metrics of the samples \[[@CR91], [@CR92]\]. Differential expression was computed using DESeq2 package in R \[[@CR93]\]. Genes were considered differentially expressed based on both an absolute fold-change larger than 1.5 and an FDR-corrected *p* value cutoff less than 0.05. We performed pathway enrichment on this gene signature using the enrichKEGG function in the clusterProfiler package in R \[[@CR94]\]. To compare gene clusters associated with a KEGG pathway, we used the compareCluster function in the clusterProfiler package with a *p* value cutoff less than 0.001. Represented pathways are based on the following KEGG IDs from the *E*. *coli* O157:H7 EDL933 annotations: Bacterial chemotaxis pathway (KEGG ID: ece02030), Cellular motility (KEGG ID: 09142: chemotaxis + flagellar assembly), Pathogenic *E*. *coli* infection genes (KEGG ID: ece05130), Arginine and proline metabolism (KEGG ID: ece00330), Galactose metabolism (KEGG ID: ece00052), and Sulfur metabolism (KEGG ID: ece00920).

### Statistics {#Sec36}

All statistical analyses were carried out in R using custom scripts (see Additional file [15](#MOESM15){ref-type="media"}: Table S3 for software and algorithms details). The Mann--Whitney test was used to compare lesion area of Colon Chips, cytokines expression, percentage of moving bacteria, their velocity, distance traveled, qPCR, and bacterial motility plate assay. For the *fliC*-luciferase screening, significance was calculated using a Mann--Whitney test, with *p* values adjusted for multiple comparisons using the Bonferroni method. All boxplots represent median, first, and third quartile of the data distribution, with whiskers extending to the largest value no further than 1.5 times the inter-quartile range. Bar plots represent mean value of the data with SEM; dots in bar- or box-plots indicate the sample size *N* for each experiment. For Colon Chips experiments, *N* is equal to the number of chips used; for the *fliC*-luciferase experiment, *N* corresponds to a single well; for the quantification of the fraction of moving bacteria, *N* indicates the number of videos analyzed; for all the other bacterial tracking experiments, *N* indicates a single bacterium tracked; for plate-based swimming assays, *N* indicates an individual plate.

Additional files
================

 {#Sec37}

Additional file 1:**Figure S1.** Analysis of relative abundance of PolyFermS commensal bacteria phyla. Relative abundance of phyla measured in the last stage of human and murine microbial fermentation in PolyFermS. (TIF 2104 kb) Additional file 2:**Figure S2.** Analysis of relative abundance of PolyFermS commensal bacteria genera. Relative abundance of genera measured in the last stage of human and murine microbial fermentation in PolyFermS. (TIF 3460 kb) Additional file 3:**Figure S3.** EHEC infection of Colon Chips in the absence of microbial metabolites. Analysis of EHEC-induced epithelial injury on-chip. (TIF 1389 kb) Additional file 4:**Figure S4.** Species-specific injury effects are not due to changes in EHEC colonization. (A-C) EHEC colonization of the human Colon Chip. (**A**) Representative fluorescence images showing the epithelial layer of infected and control Colon Chips in the presence or absence of Hmm or Mmm, with or without EHEC present (red: F-actin, green: GFP-EHEC, white: nuclei; bar, 100 μm). (B) Quantification of EHEC bacteria adherent to the intestinal epithelium. (C) Quantification of non-adherent EHEC quantification floating in the culture medium (TIF 5673 kb) Additional file 5:**Table S1.** Transcriptomics analysis of long polar fimbriae genes.. (XLSX 8 kb) Additional file 6:**Figure S5.** Species-specific injury effects are not due to Shiga toxin. (A) Table with transcriptomics comparison of EHEC shiga toxin genes from Hmm and Mmm Colon Chips (FC: fold change). (B) Heatmap of the differentially expressed gene stx1b. (C) Quantification of shiga toxin one released in the vascular channel of Colon Chips. (TIF 1494 kb) Additional file 7:**Figure S6.** *FliC* gene transcript is upregulated by Hmm, the species-specific motility effect is not due to changes bacteria viability, and the *fliC*-luciferase increase in the presence of Hmm is not due to altered bacterial growth. (A) *FliC* mRNA levels in EHEC cultured with Hmm or Mmm (shown as linearized, normalized fold change). (B) Fluorescence microscopic image of GFP-EHEC (green) and quantification of EHEC viability by staining with propidium iodide (red; bar, 100 μm). (C) Bacterial concentration determined as optical density measured at 600 nm (OD600) of EHEC *fliC*-luciferase in the presence of Mmm or Mmm. (TIF 1939 kb) Additional file 8:**Figure S7.** *ΔfliC* EHEC does not produce differential epithelial lesions in the Hmm and Mmm groups. Analysis of *ΔfliC* EHEC induced epithelial injury on-chip. (TIF 1400 kb) Additional file 9:**Table S2.** List of 30 known metabolites enriched in Hmm compared to Mmm that were selected for *fliC*-luciferase screening (CAS n: Chemical Abstracts Service number; "name": metabolites with a known name; "similarity": closest MSMS spectrum in the reference database to the analyte, with a 95% confidence in identification). (XLSX 10 kb) Additional file 10:**Figure S8.** Each of the 4 identified metabolites increases *fliC* expression in a dose-dependent manner. FliC-luciferase levels (determined by quantifying the AUC and normalizing for the DMSO control) of 4-methylbenzoic acid, 3,4 dimethylbenzoic acid, hexanoic acid, and heptanoic acid metabolites measured at indicated concentrations. (TIF 1914 kb) Additional file 11:**Figure S9.** The 4 identified active metabolites increase EHEC motility in a plate-based swimming assay. (A, B). Effects of 3,4-dimethylbenzoic acid, 4-methylbenzoic acid, hexanoic acid, and heptanoic acid (all at 200 μM) individually on EHEC-GFP swimming motility. (A) Photographic image of the plate containing EHEC-GFP bacteria (white) cultured with each of the 4 metabolites (black: plate background; blue arrows indicate the edge of the area occupied by bacteria). (B) Quantification of the area occupied by EHEC-GFP in **A**. \*\**p* \< 0.01. (TIF 2040 kb) Additional file 12:**Figure S10.** Each of the 4 identified metabolites increases *fliC* expression in EHEC serotype O91:H21. FliC-luciferase levels (determined by quantifying the AUC and normalizing for the DMSO control) of 4-methylbenzoic acid, 3,4 dimethylbenzoic acid, hexanoic acid, and heptanoic acid metabolites at a concentration of 200 μM. \*\*\**p* \< 0.001 (TIF 1525 kb) Additional file 13:**Figure S11.** The 4 identified active metabolites increase motility in a plate-based swimming assay in EHEC serotype O91:H21. (A, B) Effects of 3,4-dimethylbenzoic acid, 4-methylbenzoic acid, hexanoic acid, and heptanoic acid (all at 200 μM) individually on EHEC (serotype O91:H21) swimming motility. (A) Bright field photographic image of the plate containing EHEC bacteria (white) cultured with each of the 4 metabolites (black: plate background; blue arrows indicate the edge of the area occupied by bacteria). (B) Quantification of the area occupied by EHEC in A. \*\**p* \< 0.01. (TIF 1998 kb) Additional file 14:**Figure S12.** The compound effect of the identified metabolites mediates increased pathogenicity. Effect of 3,4-dimethylbenzoic acid, 4-methylbenzoic acid, hexanoic acid, heptanoic acid individually and together (4 metab.) on epithelial injury in the Colon Chip with Mmm. Quantification of epithelial lesion area size. Data compounded from 3 experiments. \**p* \< 0.05. (TIF 1541 kb) Additional file 15:**Table S3.** Reagents and resources. (XLSX 16 kb) Additional file 16:**Table S4.** 16 s rRNA gene data. (CSV 291 kb)
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